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Investigations on the phase relation in the Pb-U-O ternary system have shown the formation of three
lead uranium(VI) oxides: PbUO4, Pb3UO6, and Pb3U11O36. We present here the synthesis, thermal
expansion, low- and high-temperature heat capacity, and thermal diffusivity of two representative
phases (PbUO4 and Pb3UO6 uranates). Combining these results, a value for their thermal conductivity was
derived and reported here for the ﬁrst time.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Safety assessment for a lead-bismuth eutectic (LBE) cooled
reactor requires detailed knowledge of potential lead and bismuth
uranate phases that could form in the event of a pin breach. Thus,
we studied the phase relations in the Pb-U-O and Bi-U-O systems to
identify possible phases that could be formed, and in a second step
to determine their properties. Lead is used as a reactor coolant as
pure metal (in the Soviet Alfa class submarines, Advanced Lead Fast
Reactor European Demonstrator (ALFRED)) or as Lead-Bismuth
eutectic, LBE, (MYRRHA subcritical accelerator-driven system)
[1,2]. In an earlier extensive investigation, we studied the com-
pounds existing in the Bi-U-O ternary system and have reported the
heat capacity and the thermal expansion of Bi2UO6 [3]. Using a
similar approach, this study addresses the phase relations in the Pb-
U-O system and the thermal behaviour of two representative).
B.V. This is an open access article ucorresponding compounds.
The PbO-UO2 interaction has been studied in Kuznetsov et al. [4]
According to these authors, uranium dioxide oxidizes easily in the
presence of lead monoxide at high temperatures and reacts only
slowly at low temperatures. For these reasons the equilibrium
phase diagram of the PbO-UO2 system has not been established.
Comparison of the lattice parameters indicates that there was no
appreciable dissolution of lead monoxide in UO2 at temperatures in
the 453e1173 K range and for the heating durations used in those
experiments. A cubic phase, called “phase K” appears upon heat
treatment at 823 K and above. This phase has a lattice parameter, a,
between 5.56 and 5.61 Å, depending on the composition. This
“phase K” should be a solid solution of the general formula
PbUxIVU1xVI O4x with a ﬂuorite structure (below 1173 K), where x
varies from 0 to 0.51. Above 1173e1223 K, a rhombohedral modi-
ﬁcation of PbUO4x forms when samples were heated in ampoules
under vacuum. It is produced as a result of a slight distortion of the
cubic cell along the ternary axis.
Polunina et al. [5] reported a study of the PbO-U3O8 system and
therein an overview of the compositions that were known to existnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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claimed to exist: cubic lead uranate a-PbUO4x (0  x  0.51),
rhombic b-PbUO4 (structure of BaUO4), rhombohedral phases
Pb2.42.5U2O7.47.5, cubic Pb1.5U2O6.5-Pb2U2O7 with the pyrochlore
structure, Pb3UO6, Pb5U11O38, and Pb5U19O62. The same study [5]
mentioned that, during the interaction of U3O8 and PbO in air, at
least three processes occurred concurrently: interaction of PbO and
U3O8 with the formation of a-PbUO4x, conversion of a-PbUO4x
into b-PbUO4, and oxidation of PbO, leading to the rapid formation
of Pb3O4 at 763 K.
However, the ICSD database reports that only three possible
compounds have been characterised in detail from the crystallo-
graphic point of view (Fig. 1): PbUO4 [6], Pb3UO6 [7], and Pb3U11O26
[8], all three being orthorhombic. Two of them, PbUO4 and Pb3UO6,
have been synthesised in this work, and we report here for the ﬁrst
time their thermal expansion, the low- and high-temperature heat
capacity of these compounds.2. Materials and methods
2.1. Synthesis and material processing
The experimental work has been carried out in hermetically
closed gloveboxes for handling radioactive materials. The starting
chemicals were amorphous UO3 (prepared by decomposition of
uranium oxalate under air at 673 K) and a-lead(II) oxide (Sigma-
Aldrich, 99.98% trace metal basis). PbUO4 and Pb3UO6 were ob-
tained after 48 h of solid state reaction of stoichiometric admix-
tures at 873 K under air. Pellets of 3.5 mm diameter and 1e2 mm in
height were produced by pressing and re-heated at 873 K under air
for 5 h and their density was measured by the water displacement
Archimedes’ method.2.2. X-ray diffraction
PbUO4 and Pb3UO6 were characterised at room temperature by
X-ray powder diffraction (XRD) using a Bruker D8 diffractometer
mounted in a Bragg-Brentano conﬁguration with a curved Ge (1, 1,
1) monochromator, a Cu Ka X-ray tube (40 kV, 40 mA) equipped
with a LinxEye position sensitive detector. The data were collectedFig. 1. Possible compounds in the U-Pb-O ternary system.by step scanning in the angle range 10  2q 120 at a 2q step size
of 0.0092. For the measurement, the powder was deposited on a
silicon wafer to minimize the background and dispersed on the
surface with 2 or 3 drops of isopropanol. The structural reﬁnement
was performed using Jana 2006 software [9]. The shape of the
peaks was described by a Pseudo-Voigt function and the back-
ground was ﬁtted based on linear interpolation between a set of
about 50 background points. The scattering factors of all elements
were used.
The thermal expansion of PbUO4 and Pb3UO6 was measured by
high temperature X-ray diffraction experiments. The data were
collected on a second Bruker D8 X-ray diffractometer equipped
with an Anton Paar HTK 2000 chamber with platinum strip. Mea-
surements were conducted up to 873 K under helium, in the angle
range 16  2q  90 with a 2q step size of 0.017.
2.3. Heat capacity measurements
The low-temperature heat capacity of pieces of 14.7 mg PbUO4
and 18.6 mg Pb3UO6 were measured from 1.84 to 275 K and from
1.89 to 300 K, respectively. The measurements were performed at
zero magnetic ﬁeld with a PPMS-9T instrument (Quantum Design)
using the hybrid adiabatic relaxationmethod. The samplewas ﬁxed
on the sapphire platform by a small amount of thermal conductive
grease (Apiezon-N). The heat capacity contributions of the puck
and of the layer of grease were determined previously through the
corresponding addenda protocol determination. A complete
description of the technique and the method has been reported by
Lashley et al. [10], whereas details of the instrument can be found in
Javorský et al. [11] Based on comparison to standard materials and
experience for other compounds, we estimate the uncertainty of
the measurements to be better than 3%.
Solid pieces of 19.9e42.3 mg were further used to measure the
enthalpy increments using a Setaram Multi-detector High Tem-
perature Calorimeter (MDHTC-96) using a drop detector. For more
details about the technique we refer to our previous studies [12,13].
The measurements were carried out under an argon atmosphere.
The temperature range of the experiment was from 430.5 to
888.6 K and 429.5 to 989.2 for PbUO4 and Pb3UO6, respectively,
using steps of 50 K. Each isothermal run consisted of 3 drops of
analysed material. Before and after each sample, a reference ma-
terial (platinum ingots of 99.95 at. % purity) was dropped to
determine the sensitivity (signal vs heat ratio) of the detector. The
individual sample drops were separated by time intervals of
20 min, long enough to re-stabilize the monitored heat ﬂow signal.
The reported temperatures were corrected (ITS-90) in accordance
with the calibration curve obtained prior to measurement using
several high purity standard metals (Sn, Pb, Zn, Al, Ag, Ni) with
various melting temperatures in order to cover the whole tem-
perature range of the measurement. The high temperature heat
capacity was determined based on the enthalpy measurements and
ﬁtted then simultaneously to low temperature data.
2.4. Thermal diffusivity measurements
The thermal diffusivity measurements for PbUO4 and Pb3UO6
were carried out using a laser ﬂash device, designed and con-
structed in-house [14]. The samples were heated to the measure-
ment temperatures in a high frequency furnace, in the temperature
range from 500 to about 800 K. The samples were disc fragments
with a thickness of about 1 mm. The faces were checked to ensure
that they were plane and parallel, without defects. The front face of
the samples was exposed to short (2 ms) laser pulses and the
thermograms were measured on the rear face with a fast InGaAs
pyrometer. The sample thickness change due to thermal dilatation
Fig. 3. Low temperature heat capacity of PbUO4 (a) and Pb3UO6 (b).
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work. The thermograms were analysed in order to deduce the
thermal diffusivity using an inverse model taking accurately into
account the heat losses [14].
3. Results and discussions
3.1. Structural analysis and thermal expansion
The synthesis resulted in phase-pure PbUO4 and Pb3UO6, as
conﬁrmed by room-temperature XRD (Fig. S1) and IR spectroscopy
(Fig. S2). Thus, the Rietveld reﬁnement indicates that single phases
of orthorhombic PbUO4 (space group Pbcm, a ¼ 5.544(1) Å,
b ¼ 7.977(2) Å, c ¼ 8.214(3) Å), and Pb3UO6 (space group Pnam,
a ¼ 13.715(5) Å, b ¼ 12.353(4) Å, c ¼ 8.216(3) Å) were obtained, in
excellent agreement with previous literature reports [6,7].
The thermal expansion of PbUO4 and Pb3UO6 is presented in
Fig. 2 and S3.
It can be observed that linear thermal expansion of both com-
pounds is higher than that of UO2, the nuclear fuel matrix. More-
over, the thermal expansion of PbUO4 is very anisotropic over the
entire temperature interval. The volumetric thermal expansion
results can be presented in the 303e873 K range by the equations:
DV/V ¼ 3.90  105 (T/K) 1.214  102 for PbUO4
DV/V ¼ 4.48  105 (T/K) 1.385  102 for Pb3UO6
3.2. Heat capacity
The low temperature heat capacity measurements of PbUO4 and
Pb3UO6 are presented in Fig. 3 and Table S1. The results show a
regular sigmoidal shape without anomalies in the studied tem-
perature range. The plot of Cp/T versus T2 is linear, indicating the
absence of any magnetic feature down to 3 K (insets Fig. 3), and
conﬁrmed the Debye behaviour for these compounds [15]. How-
ever, the extrapolation to T ¼ 0 K, does not yield zero, which is
expected for insulators, but an electronic contributions (of 4.2 and
4.7 mJ K2 mol1 for PbUO4 and Pb3UO6, respectively) has been
found. The origin is not known, but the results suggest semi-
conducting properties of these compounds. Both uranates formFig. 2. Volume thermal expansion of PbUO4 and Pb3UO6 compared to UO2.layered structure of (UO2O4)2 sheets, with the lead atoms irreg-
ularly connecting the sheets [6,7], a structure typical for many
uranates. BaUO4 shows a similar electronic contribution of
4.3 mJ K2 mol1, whereas it is almost zero in b-SrUO4.
The heat capacity data have been ﬁtted to a series of overlapping
polynomials, and we derive for the Cp(298.15 K) ¼ (119.0 ± 2.4)
J K1 mol1, S(298.15 K) ¼ (169.2 ± 5.1) J K1 mol1 and
{H(298.15 K)H(0 K)} ¼ (23894 ± 721) J mol1 for PbUO4, and
Cp(298.15 K) ¼ (223.6 ± 2.5) J K1$mol1,
S(298.15 K) ¼ (332.2 ± 9.9) J K1 mol1 and {H(298.15 K)-
H(0 K)} ¼ (45551 ± 1382) J$mol1 for Pb3UO6. The errors were
estimated from the precision of the equipment, which is in the
order of 2e3%.
The enthalpy increment derived for PbUO4 and Pb3UO6 are
shown in Table 1 and in Fig. 4. All measured enthalpy increment
data were ﬁtted using a combined linear regression together with
the low-temperature heat capacity data obtained from the PPMS
(Physical Property Measurement System) measurements per-
formed as part of this study. A Maier-Kelley type second order
polynomial equation was used, similar to our previous studies for
alkaline - earths uranates [16,17]. The following heat capacity
equations were obtained:
Cp,m/J K1 mol1¼ (129.336 ± 15.481)þ (33.8044 103 ± 24.036
 103) (T/K) e (1.139942  106 ± 4.34499 105) (T/K)2 forPbUO4
Table 1
Enthalpy increment H(Tm) e H(Ta) of PbUO4 and Pb3UO6 (Tm e measurement temperature, Ta e ambient temperature).
PbUO4 Pb3UO6
Tm, K Ta, K H(Tm) e H(Ta), J mol1 Tm, K Ta, K H(Tm) e H(Ta), J$mol1
430.5 293.2 18671 ± 64 429.5 293.2 33008 ± 2135
483.4 293.2 25816 ± 866 428.8 293.2 45113 ± 1592
534.5 293.2 34132 ± 986 533.7 294.2 55869 ± 2162
586.3 293.2 43258 ± 3058 585.9 293.2 69345 ± 2838
638.8 293.2 48521 ± 2079 636.4 294.2 80501 ± 2554
687.7 293.2 56768 ± 698 687.5 293.2 90530 ± 3825
737.9 293.2 64782 ± 157 737.8 294.2 108374 ± 5141
788.4 293.2 70817 ± 1216 787.1 293.2 106418 ± 774
838.5 293.2 77407 ± 1512 838.5 294.2 131617 ± 4034
888.6 295.2 84934 ± 1993 888.9 294.2 145448 ± 2645
938.9 294.2 159861 ± 2377
989.2 294.2 174250 ± 4745
Fig. 4. The heat capacity (J K1 mol1) of PbUO4 (a) and Pb3UO6 (b) as a function of
temperature; (▫) low temperature data, () the heat capacity obtained from the drop
calorimeter ( ), conﬁdence band. Inset: the measured enthalpy increments with
their standard deviations and the corresponding ﬁt.
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Cp,m/J K1 mol1¼ (225.972 ± 15.908)þ (46.2654 103 ± 24.405
 103) (T/K) e (1.380738  106 ± 6.83183  105) (T/ K)2
forPb3UO63.3. Thermal diffusivity and thermal conductivity
The results of the thermal diffusivity measurements are listed in
Table 2, and are shown in Fig. 5. The results show very moderate
temperature dependence, and can be described by the following
equations:
a/(m2 s1) ¼ (4.06$106þ 5.85$102 (T/K))1 for PbUO4
a/(m2 s1) ¼ (1.53$106 þ 1.31$103 (T/K))1 for Pb3UO6
The relative uncertainty on the thermal diffusivity measure-
ments is about 5% and is mainly due to sample thickness variations.
The thermal conductivity of the two compounds was calculated
from the measured thermal diffusivity, heat capacity and density
using the formula:
l ¼ r$a$Cp
The density of the samples, measured by the Archimedes
technique at ambient temperature, was of 8.09 g cm3 (88.8% of the
theoretical density, with TD ¼ 9.12 g cm3) for Pb3UO6 and
9.34 g cm3 (100% of the theoretical density) for PbUO4. The tem-
perature dependence of the density was calculated using the
thermal dilatation data obtained in this work.
We thus obtain the following values of conductivity 100% TD
(Table 2):
l /(W m1 K1) ¼ 0.547 þ 1.07$104 (T/K) for PbUO4
l/(W m1 K1) ¼ 1.600e5.374$104 (T/K) for Pb3UO6
The thermal conductivity of Pb3UO6 and PbUO4 for 100% TD
(corrected assuming homogenous distribution of the vacancies) is
presented in Fig. 6. The relative uncertainty on the calculated
thermal conductivity is estimated as 10%, resulting from the sum of
the uncertainties on the thermal diffusivity (5%), speciﬁc heat (3%)
and density (2%). The thermal conductivity of these compounds is
lower than the fuel, which must be taken into account in safety
assessments.
4. Summary and conclusions
We have successfully synthesised two lead uranates, PbUO4 and
Pb3UO6, and measured their thermal properties: thermal expan-
sion, heat capacity and thermal diffusivity, fromwhich the thermal
Table 2
Thermal diffusivity and thermal conductivity of PbUO4 and Pb3UO6 uncorrected for porosity.
T/K Thermal diffusivity PbUO4
107 m2 s1
Thermal conductivity PbUO4
W m1 K1
T/K Thermal diffusivity Pb3UO6
107 m2 s1
Thermal conductivity Pb3UO6
W m1 K1
506.8 2.30 0.600 511.0 4.60 1.34
512.9 2.31 0.602 517.0 4.56 1.34
513.2 2.29 0.598 519.3 4.57 1.34
513.3 2.33 0.608 573.2 4.28 1.26
579.4 2.32 0.617 578.0 4.30 1.27
579.6 2.27 0.607 583.0 4.29 1.27
579.6 2.29 0.610 636.4 4.16 1.23
623.1 2.29 0.620 636.5 4.16 1.24
623.6 2.31 0.626 636.5 4.17 1.24
624.3 2.31 0.623 715.7 3.97 1.19
701.4 2.27 0.626 717.3 3.99 1.20
702.5 2.25 0.622 718.1 3.99 1.20
703.4 2.28 0.629 792.3 3.89 1.18
778.3 2.17 0.610 793.4 3.90 1.18
778.7 2.23 0.627 793.3 3.90 1.18
785.6 2.27 0.640 825.5 3.85 1.17
786.9 2.25 0.635 828.0 3.86 1.17
788.3 2.27 0.640 829.4 3.85 1.17
717.9 2.28 0.631 759.6 3.98 1.20
717.9 2.21 0.612 758.8 3.98 1.20
717.9 2.26 0.628 758.5 4.00 1.20
641.5 2.24 0.609 673.0 4.15 1.24
643.9 2.19 0.595 674.5 4.14 1.24
643.1 2.25 0.611 675.4 4.14 1.24
643.3 2.23 0.605 592.3 4.37 1.29
590.6 2.25 0.603 591.6 4.37 1.29
591.2 4.37 1.29
532.6 4.53 1.33
532.6 4.54 1.33
532.6 4.55 1.33
Fig. 5. The thermal diffusivity of PbUO4 and Pb3UO6. Fig. 6. The thermal conductivity of PbUO4 and Pb3UO6 for 100% TD.
K. Popa et al. / Journal of Nuclear Materials 479 (2016) 189e194 193conductivity has been derived. The formation of such compounds
may affect the stability of the nuclear fuels in heavy metals cooled
fast reactors, since their thermal expansion is systematically higher
than that of UO2(þx) or (non)stoichiometric MOX and it is very
anisotropic. All these facts may induce a stress in the nuclear fuel
after contact with coolant, which could result in crack extension.
Moreover, the thermal conductivity of such compounds is several
times lower than of UO2 in the studied temperature range and even
lower than that of Na3UO4 [18] (interaction product which may
form in sodium cooled fast reactors), which would modify the local
temperature of the fuel should extensive formation of such phases
occur. Fortunately, such phases form normally in the presence oflarge amounts of oxygen, which would not be the case under
operation and shutdown conditions of heavy-metal-cooled fast
reactors. Consequently, they are going to play a very limited role in
the exploitation of such reactors.Acknowledgements
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